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Molecular Targets of Vertebrate Segmentation:
Two Mechanisms Control Segmental Expression
of Xenopus hairy2 during Somite Formation
up to 40% of the prospective mesoderm at gastrulation
(Cooke, 1975, 1981).
Molecular markers that reveal a prepattern in the un-
segmented, or presomitic, mesoderm (PSM) most prom-
inently involve the Notch signaling pathway (Jiang et al.,
Robert L. Davis,1 David L. Turner,2
Louise M. Evans,1 and Marc W. Kirschner1,3
1Department of Cell Biology
Harvard Medical School
240 Longwood Avenue
Boston, MA 02115 1998; McGrew and Pourquie, 1998). A dramatic observa-
2 Mental Health Research Institute tion related to segmentation concerns c-hairy1, a
and Department of Biological Chemistry chicken homolog of the Drosophila hairy gene (a bHLH-
University of Michigan WRPW transcriptional repressor [Fisher and Caudy,
1103 East Huron 1998]). c-hairy1 RNA appears and then disappears in
Ann Arbor, Michigan 48104 the PSM multiple times before cells are incorporated
into a new somite (Palmeirim et al., 1997). During the
time to form two somites (one expression cycle) three
observed patterns of c-hairy1 RNA suggest a posteriorSummary
to anterior PSM wavefront (Palmeirim et al., 1997; Pour-
quie, 1999). For one cycle, the c-hairy1 pattern in ex-Vertebrate hairy genes are expressed in patterns
plants is unaltered by cycloheximide treatment, sup-thought to be readouts of a “segmentation clock” in
porting the idea that c-hairy1 expression is a readout,the presomitic mesoderm. Here we use transgenic
but not itself a component, of a clock that governs seg-Xenopus embryos to show that two types of regulatory
mentation. Similar cycling has been shown for a mouseelements are required to reconstitute the segmental
hairy homolog, HES1 (Jouve et al., 2000).pattern of Xenopus hairy2. The first is a promoter ele-
Cycling has also been shown for lunatic fringe, a mod-ment containing two binding sites for Xenopus Su(H),
ulator of Notch signaling (Aulehla and Johnson, 1999;a transcriptional activator of Notch target genes. The
second is a short sequence in the hairy2 3 untrans- Forsberg et al., 1998; McGrew et al., 1998). lunatic fringe
lated region (UTR), which most likely functions post- cycling has been proposed to connect Notch signaling
transcriptionally to modulate hairy2 RNA levels. 3 to the “segmentation clock” (Jiang et al., 1998; Pourquie,
UTRs of other hairy-related, segmentally expressed 1999). Additional evidence supporting this connection
genes can substitute for that of hairy2. Our results has been gathered from studies in the frog and fish
demonstrate a novel mechanism regulating the seg- (Sparrow et al., 1998; Jen et al., 1999; Takke and
mental patterns of Notch target genes and suggest Campos-Ortega, 1999; Holley et al., 2000; Jiang et al.,
that vertebrate segmentation requires the intersection 2000).
of two regulatory pathways. Here we address molecular mechanisms of segmen-
tation by analyzing how segmental gene patterns are
controlled. We have focused on Xenopus hairy2, theIntroduction
frog ortholog of c-hairy1. In contrast to c-hairy1, hairy2
is expressed in PSM cells only once, in an anterior regionSegmentation along the anteroposterior body axis is a
stripe, prior to the formation of each somite (Jen et al.,basic feature in the development of several major phyla,
1997). This stripe moves posteriorly in a wavefront at asuch as insects, arthropods, annelids, and chordates.
constant distance from the most recently formed so-The early Drosophila embryo is synchronously parti-
mite. Using transgenic Xenopus embryos (Kroll andtioned into smaller domains by a hierarchical gene net-
Amaya, 1996), we have defined sequences sufficient towork (Lawrence, 1992). However, in most insects, many
recapitulate the hairy2 pattern in the PSM.arthropods, cephalochordates, and all vertebrates, seg-
While the hairy2 expression pattern is complex, thementation occurs gradually from anterior to posterior.
hairy2 promoter is remarkably simple. It contains a sin-The temporal regularity of segmentation has long sug-
gle upstream element with two binding sites, in inversegested control by a clock-like mechanism (Cooke, 1998;
Stern and Vasiliauskas, 2000). orientation, for Xenopus Suppressor-of-hairless, a tran-
In vertebrates, contiguous paraxial mesoderm forms scriptional activator of Notch target genes (Wettstein et
on both sides of the unsegmented neural tube and noto- al., 1997). While this simple promoter is sufficient to
chord. Sequentially, segments of this mesoderm differ- recapitulate hairy2 expression in other tissues, it is insuf-
entiate into somites, which are further subdivided into ficient to reproduce the segmental pattern. To achieve
skeleton, muscle, and dermis derivatives (Brand-Saberi this highly dynamic PSM pattern, a 25 bp motif in the
and Christ, 2000; Stockdale et al., 2000). The robust hairy2 3 untranslated region (UTR) is required in combi-
properties of segmentation have long defied simple ex- nation with the promoter. The 3UTR functions posttran-
planation. For instance, the number of somites in am- scriptionally to regulate hairy2 RNA levels. The modula-
phibians is independent of cell number, demonstrated tion of expression by the 3 UTR represents a control
by changes in ploidy (Fankhauser, 1945), or removal of mechanism most likely utilized by all vertebrates for
segmental patterning and for the regulation of specific
Notch target genes.3 Correspondence: marc@hms.harvard.edu
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Figure 1. Pattern of hairy2 in Tailbud Stage
Embryos
(A) Whole-mount in situ hybridization for
hairy2a RNA in a cleared stage 28 embryo.
Expressing tissues include: PSM Stripe (the
anterior presomitic mesoderm stripe), FP
(neural tube floorplate), RP (neural tube roof-
plate), Br.A (branchial arches), PN (pro-
nephros), FM (fin mesenchyme), as well as
the brain and eye.
(B) Similar in situ in an uncleared embryo.
(C) In situ for hairy1.
(D) In situ for hairy2a in a stage 26 embryo
(plastic embedded and imaged with DIC op-
tics). Arrowheads indicate somite borders.
(E–H) Proposed order of hairy2a PSM stripe
patterns (dorsal is top, anterior is left).
(I) hairy2a PSM stripes in three adjacent pre-
sumptive somites (magenta, marked by
arrows).
(J) (left) and (K) (right) sides of the same em-
bryo showing different patterns for hairy2a
(the left side has been flipped to be in the
same orientation as the right side). A similar
pair of images from another embryo is shown
in (L) and (M).
Results “half-stripes” (relative to the dorsal-ventral midline of
the chevron; Figure 1E). These half-stripes meet (Figure
1F), and then the dorsal half-stripe begins to fade, whileThe hairy2 Pattern in Segmenting Mesoderm
expression begins in the next posterior dorsal half-stripeXenopus laevis possesses two hairy homologs, hairy1
(Figure 1G). Then the next posterior ventral half-stripe(Dawson et al., 1995) and hairy2 (Turner and Weintraub,
forms (Figure 1H). This proposed order is reinforced by1994); for hairy2, there are a and b copies in the allote-
the pattern in some embryos that show three stripetraploid Xenopus genome. Figure 1A shows a tailbud
domains: an anterior ventral half-stripe, a complete mid-stage embryo after whole-mount in situ hybridization.
dle stripe, and a posterior dorsal half-stripe (Figure 1I).hairy2a RNA is expressed in various neuroectoderm de-
Strikingly, the hairy2a stripe varies consistently be-rivatives and in the mesoderm, where expression is lim-
tween the two sides of an embryo (Figure pairs 1J, 1Kited to the PSM and pronephros.
and 1L, 1M). The phase-advanced stripe pattern on theIn the anterior PSM, hairy2a RNA appears as a chev-
right side in the embryos shown, and in all embryos weron-shaped stripe (Figure 1A); there is no staining of the
have analyzed (n  100), suggests that the right side ofposterior PSM. The RNA is also detected at much lower
the embryo is temporally advanced in segmentation. Welevels in somites (more obvious in this cleared embryo).
observe this asynchrony as early as stage 18–19, soonThe PSM stripe is easily seen in uncleared embryos, too
after somite formation begins (data not shown).
(Figure 1B). The pattern of hairy2b is identical to hairy2a
in the PSM (data not shown). hairy1 is different from Sequence of the hairy2a Promoter
hairy2a in the neuroectoderm but is also expressed in The proximal promoter of a hairy2a genomic clone is
a chevron-shaped stripe, though at a much lower level shown in Figure 2A. Promoter function depends on the
(Figure 1C). The hairy2a stripe is posterior to the last putative TATA box and transcription start site indicated
formed somite, displaced one to two somite widths, and (data not shown). 5 of the TATA box are two binding
maintains this relative position throughout segmentation sites, in inverse orientation, for Xenopus Suppressor-
(Figure 1D). of-hairless [XSu(H)] (Wettstein et al., 1997). Su(H) sites
The stripe shows a limited, reproducible variability, have two types: single binding sites, and paired motifs
suggesting a dynamic pattern of appearance and disap- like that in the hairy2a promoter (also called SPS sites;
pearance of hairy2a RNA. In Figures 1E–1H, we have Bailey and Posakony, 1995; Nellesen et al., 1999). The
arranged a series of images to indicate a proposed or- hairy2a paired Su(H) motif has a variant of the SPS-
der, consistent with intermediate patterns. Expression conserved hexamer (Bailey and Posakony, 1995; Nel-
lesen et al., 1999; see Figure 2C). There are also threebegins in the distal regions of the dorsal and ventral
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Figure 2. Sequence of the hairy2a Promoter
(A) Sequence of the hairy2a promoter used in H2pm constructs, with features labeled. The raised rightward arrow shows the presumptive
transcription start site. The upward arrowhead indicates the 5 end of the hairy2a cDNA. The asterisk indicates the normal position of the
hairy2a translation start site, which has been mutated in the reverse primer for PCR amplification (from CAT to CAA). The single leftward
bracket shows the junction between the hairy2a 5 UTR and the eGFP cDNA.
(B) Schematic of transgene constructs. The hairy2a promoter and all of its 5 UTR are fused to eGFP, followed usually by a Xenopus globin
gene intron and the SV40 late polyadenylation signal. In most cases, there is also a gene-specific 3 UTR between eGFP and the globin intron.
(C) Comparison of paired Su(H) motifs (X: Xenopus, H: Human, M: Mouse, D: Drosophila). The motifs are oriented so that transcription begins
3. The binding sites for Su(H) protein are in larger type, and the hexamer is underlined. The gaps in the vertebrate motifs are based on
comparisons in Nellesen et al. (1999).
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Figure 3. Reconstitution of the hairy2a Pat-
tern in Transgenic Xenopus Embryos
(A) Whole-mount in situ hybridization for
eGFP using the H2pm transgene.
(B) H2pmH2G transgenes express eGFP in
the PSM stripe (arrowheads).
(C) The arrow indicates hairy2a expression in
the floorplate.
(D) The arrow indicates no transgene expres-
sion in the floorplate, while the arrowhead
indicates expression in the roofplate.
(E and F) H2pmH2G transgenes mimic the
variability of the hairy2a PSM stripe.
(G and H) The H2mpH2G transgene mimics
the left-right asymmetry of hairy2a. The left
side image has been flipped to be in the same
orientation as the right side.
(I) H2pm3U transgene expresses eGFP in the
anterior PSM stripe (arrowhead).
N box motifs (putative binding sites for hairy-related chevron-shaped stripe of eGFP RNA in the anterior PSM
(Figure 3B; 49/179 embryos), showing similar dynamicsproteins [Sasai et al., 1992]) upstream of the TATA box
and one in the 5 UTR. and bilateral differences as endogenous hairy2a, as well
as overlapping it (Figures 3E–3H and 7C; see below).
By deleting the hairy2a exons and introns individuallyReconstitution of the hairy2a Pattern
or in combination, we found that it is the hairy2a 3 UTR,in Transgenic Frog Embryos
in conjunction with the promoter, that is both necessaryWe have made numerous transgenic Xenopus embryos
and sufficient for the PSM stripe (H2pm3U; Figure 3I;with hairy2a promoter-eGFP plasmids (see Figure 2B)
29/96 embryos).(Kroll and Amaya, 1996). The pattern of eGFP RNA is
Because both hairy2a and hairy2a promoter trans-compared to endogenous hairy2a RNA by whole-mount
genes are expressed more strongly in the neuroecto-in situ hybridization. The hairy2a sequences of the initial
derm than in the PSM, we use transgene neuroectodermconstruct (H2pm) included only the promoter shown in
levels as a guide for evaluating detection of PSM expres-Figure 2A. With this construct, eGFP is expressed in
sion. For PSM stripe-expressing transgenes, 20%–30%neuroectoderm derivatives and the pronephros (Figures
of transgenic embryos have a detectable stripe. Those3A and 3D), similar to endogenous hairy2a. By contrast,
transgenic embryos with no stripe have lower neuroec-the transgene is never expressed in the floorplate (com-
toderm expression than those with a stripe, and thispare Figure 3D to 3C).
lower expression is below that of the endogenousWe do not observe the anterior PSM stripe with the
hairy2a gene. Most likely, the difference in the frequencyH2pm construct (0/252 embryos), although there is dif-
of PSM stripe-expressing transgenic embryos and totalfuse expression across the PSM and posterior somites
transgenic embryos reflects a sensitivity limit for in situ(Figure 3A). Transgenes with additional 5 genomic se-
quence give similar results (data not shown). We consid- hybridization. Thus, the proximal promoter and 3 UTR
contain all of the hairy2a sequences required for theered the notion that a cis regulatory element for the PSM
stripe might be contained within the hairy2a transcript. normal spatial pattern in the PSM. It is possible that
additional genomic elements not in our constructs mayTherefore, we fused hairy2a sequences (including in-
trons) between its start codon and polyadenylation sig- modulate expression (and specify floorplate expres-
sion), but they are not required to reconstitute thenal, 3 of and in-frame with eGFP (H2pmH2G). Trans-
genic embryos with this construct routinely have a hairy2a PSM pattern.
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Figure 4. hairy2a Promoter Variants
The hairy2a promoter in H2pm3U and
H2pmH2G constructs (containing the 3UTR)
is shown at the top. Total is the number of
transgenic embryos analyzed. The two op-
posing arrows are the individual Su(H) binding
sites; the h refers to the hexamer [h refers
to the different hexamers in the Drosophila
E(spl) m4 and mouse HES1 paired Su(H) mo-
tifs]. N refers to the N box motif. The raised
rightward arrow indicates the site of transcrip-
tional initiation, and the rightward bracket in-
dicates the beginning of the hairy2a 5 UTR.
Specific mutations are shown in black. Dele-
tions are bracketed. Point mutations are marked
with an asterisk.
Analysis of the hairy2a Promoter motif, the E(spl) m3 motif has no hexamer, while the
E(spl) m4 motif has a hexamer located in a differentTransient assays of plasmid-injected embryos showed
that the hairy2a promoter is stimulated by coexpression position (Figure 2C). Substitution of the intervening se-
quence (but not the hexamer) with that of the mouseof constitutively activated Su(H) protein (Wettstein et al.,
1997; data not shown). By deleting the paired Su(H) motif HES1 paired Su(H) motif had no effect (mhes-int., Figure
4). In fact, substituting the entire hairy2a motif with theentirely [Su(H)] or introducing point mutations in both
Su(H) binding sites [mutSu(H)], almost all expression in similar mouse HES1 motif (Figure 2C) had no effect
(mhes, Figure 4; Figure 6D). Taken together, these re-transgenic embryos was lost (Figure 4; Figure 6A), as
well as stimulation by activated Su(H) protein in transient sults argue that the precise architecture of the hairy2a
paired Su(H) motif is required for the PSM stripe.assays (data not shown). Therefore, the hairy2a pro-
moter is dependent on activation by Su(H) in vivo. We In cell culture, mouse HES1 negatively autoregulates
expression through N box motifs in its promoter (Take-also deleted, or made the same point mutation in, either
of the Su(H) binding sites [5, 3, mut5, and mut3Su(H)]. bayashi et al., 1994). We observe similar repression of
the hairy2a promoter by coexpressed hairy2a in plas-In each case, the PSM stripe was absent, even in em-
bryos showing normal neuroectoderm expression (Fig- mid-injected embryos, and this repression requires the
N box motifs in the hairy2a promoter (data not shown).ure 4; Figure 6B). These results suggest that both Su(H)
binding sites of the paired motif are required for the However, simultaneous mutation of all the N boxes has
no apparent effect on transgene expression (mut-Nbox,PSM stripe, while either is sufficient for neuroectoderm
expression. Figure 4; Figure 6E). We cannot rule out that negative
autoregulation plays some role at later times in devel-Point mutations in the paired Su(H) motif hexamer
abolished PSM stripe expression and substantially re- opment.
The hairy2a 5 UTR is not required for the PSM stripe,duced neuroectoderm expression, suggesting that the
hexamer has a general role (Figure 4; Figure 6C). Substi- since it can be replaced by vector-derived sequences
from the CS2 plasmid (Rupp et al., 1994; Turner andtution of the hairy2a paired Su(H) motif with paired Su(H)
motifs from Drosophila Enhancer-of-split [E(spl)] genes Weintraub, 1994) (Figure 4). To test if the paired Su(H)
motif is the only required element in the hairy2a pro-(Nellesen et al. 1999; see Figure 2C) also abolished PSM
stripe expression and significantly reduced neuroecto- moter, we inserted one copy of the motif 5 to a small
synthetic promoter, also driving eGFP fused to thederm expression (Figure 4). In contrast to the hairy2a
Developmental Cell
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Figure 5. hairy2a 3 UTR Variants
The top schematic (H2pm3U) shows the gen-
eral layout of hairy2a promoter constructs
(Pr: promoter, eGFP marker, 3 UTR, Int: in-
tron, SV-pA: SV40 polyadenylation signal).
Total is the number of transgenic embryos
analyzed. Specific mutations or substitutions
are shown in black. Numbering for the dele-
tion mutants refers to the first base pair of
the 3 UTR after the stop codon.
hairy2a 3 UTR. Transgenic embryos with this simple the polyadenylation and transcription termination region
construct showed a normal PSM stripe [Su(H)Sy, Figure of the Xenopus larval type I -globin gene. In this case,
4; Figure 6F]. The somewhat lower neuroectoderm and the PSM stripe still required the hairy2a 3 UTR (Figure
pronephros levels probably reflect differences in basal 5, 3UXglo-pA versus Xglo-pA).
promoter activities. To map the 3 UTR sequences necessary and suffi-
We conclude that the paired Su(H) motif, including cient for the PSM stripe, a series of deletion mutants
the hexamer, is the only required hairy2a promoter ele- was tested. Deletion of the 5 90 bp eliminated the stripe
ment for the PSM stripe, and most of the neuroectoderm but had no effect on neuroectoderm expression (3U90-
expression, as well as pronephros expression. The paired 316, Figure 5). Deletion of all 3 UTR sequences except
Su(H) motif is necessary for expression in the PSM, but it the 5 90 bp had no effect on the stripe (3U1-90, Figure
is insufficient to drive the stripe pattern, which requires 5; Figure 6G); therefore, the 5 90 bp is both necessary
additional sequences in the hairy2a 3 UTR. and sufficient for the PSM stripe. Other deletions sup-
ported this conclusion, while further 3 truncation abol-
ished the stripe (3U1-50, Figure 5).Analysis of the hairy2a 3 UTR
hairy2a promoter transgenes with the hairy2a 3 UTRWe repositioned the hairy2a 3 UTR as follows: (a) in
fused downstream of eGFP show reduced expressionantisense orientation relative to eGFP (3Urev), (b) imme-
levels compared to those without the UTR. To test ifdiately 3 of the SV40 late polyadenylation signal (SV3U),
this effect is specific to the hairy2a promoter, we in-(c) 5 of the hairy2a promoter (3UPr), and (d) into the 5
cluded the UTR in transgenes expressing eGFP fromUTR, just 5 of eGFP (as a functional 90 bp fragment,
three other promoters. For both the sCMV and Xenopus5U390, see below). In no case was a PSM stripe evident,
EF1 promoters, expression levels are also significantlythough neuroectoderm expression was normal (Figure
5). The SV40 sequence was tested by substituting it with reduced when the UTR is present. Because both of these
Control of hairy2 in Segmenting Mesoderm
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Figure 6. Characterization of the hairy2a
Promoter and 3UTR Sequences Required to
Reconstitute the hairy2a PSM Stripe
(A) H2pm3U with single inactivating point mu-
tations in both Su(H) binding sites.
(B) H2pm3U with an inactivating point muta-
tion in only the 3 Su(H) binding site
[mut3Su(H)].
(C) H2pm3U with a mutation of the paired
Su(H) motif hexamer (mut-hex).
(D) H2pm3U where the paired Su(H) motif has
been replaced with that of the mouse HES1
promoter (mhes).
(E) H2pmH2G where the four N box motifs
have been mutated (mut-Nbox).
(F) Transgene where the hairy2a promoter
has been replaced with the paired Su(H) motif
5 to a minimal synthetic promoter [Su(H)Sy].
The PSM stripe is marked with an arrow in
the magnified image.
(G) H2pm3U, with the 3U1-90 UTR sequence.
(H) Transgenic embryos using the cardiac ac-
tin promoter driving eGFP fused to the
hairy2a 3 UTR (top) or with no 3 UTR
(bottom).
(I) H2pm3U with the 3 UTRs of hairy1 (3Uh1),
esr5 (3Uesr5), and 8C9 (3U8C9), c-hairy1
(3Uchry1), mouse HES1 (3Umhes), and hu-
man HES4 (3Uhhes4).
promoters express uniformly in the epidermis, it is diffi- et al., 1998; Jen et al., 1999). Transgenes substituting
the hairy2a 3 UTR with the hairy1, esr5, and 8C9 3cult to observe any specific pattern imposed by the UTR
(data not shown). UTRs also show PSM stripe expression (Figure 5; Figure
6I), although there is no obvious primary sequence rela-By contrast, the Xenopus cardiac actin promoter re-
stricts eGFP transgene expression to the PSM, somites, tionship among these UTRs. To demonstrate sequence
specificity, the Xenopus -major globin (3UXglo),and developing heart (Kroll and Amaya, 1996; Figure 6H,
bottom). Transgene expression from this promoter is MyoD (3UMD), or cardiac actin (3Uca) 3 UTRs were
substituted for the hairy2a UTR. Each of these UTRsalso reduced when the UTR is present; however, in most
embryos expression is consistently higher in the PSM failed to give a PSM stripe, while neuroectoderm expres-
sion was unaffected (Figure 5).and newly formed somites compared to more anterior,
older somites (Figure 6H, top). Thus, the hairy2a 3 UTR Does the chimeric transgene with the hairy2a pro-
moter and the esr5 3 UTR give the hairy2a or esr5can impose a posterior pattern bias on expression from
the cardiac actin promoter. stripe? To show the position of transgene expression,
we performed double in situ hybridization for the trans-
gene and endogenous esr5. Figure 7A shows the endo-UTRs of Other Genes with Segmental Expression
Can Replace the hairy2a UTR genous hairy2a and esr5 PSM stripes. The hairy2a pro-
moter:esr5 3 UTR transgene is expressed in a stripeSeveral other Xenopus genes have chevron-shaped
stripe patterns in the PSM. hairy1 expression overlaps anterior to the endogenous esr5 stripe, therefore over-
lapping the hairy2a stripe (Figure 7B). The same resulthairy2a, while E(spl) related genes esr4, esr5, and clone
8C9 are in stripes just posterior to hairy2a (Gawantka was obtained with a hairy2a promoter:hairy2a 3 UTR
Developmental Cell
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Figure 7. Position of the PSM Stripe and Suf-
ficiency of the UTR Motif for the PSM Stripe
(A) Double in situ hybridization for endoge-
nous hairy2a (H, magenta) and esr5 (E, cyan).
(B) Transgenic embryo using H2pm3U with
the esr5 3 UTR (3Uesr5). Double in situ hy-
bridization for the eGFP transgene (T, ma-
genta) and endogenous esr5 (E, cyan). Note
the similar relative positions of the PSM
stripes as in (A).
(C) Similar to (B), except that the transgene
3 UTR is that of hairy2a. Also, a new dorsal
half stripe for esr5 can be seen posterior to
the major PSM stripe.
(D) H2pm3U, where the 3 UTR is mut3U1-90.
(E) H2pm3U, where the 3 UTR is mut3U.
(F) H2pm3U, where the 3 UTR is 3U48-72. A
weaker, but easily discernible, PSM stripe is
present (arrow).
(G) Higher magnification of the embryo in (F).
The dorsal and ventral PSM half-stripes are
marked by arrowheads.
transgene (Figure 7C). Similar double in situ hybridiza- reduced, and the expression level is weaker than with
the 3U1-90 or full-length UTRs (Figure 5; Figures 7Ftions for the transgene and endogenous hairy2a demon-
and 7G). This suggests that the motif is the major UTRstrated one stripe from overlapping stains (data not
element required for the PSM stripe, although it func-shown).
tions more efficiently within the 3U1-90 or full-length 3If the function of the hairy2a 3 UTR is conserved
UTRs.through evolution, one might expect that 3 UTRs of
hairy-like genes in other vertebrates should substitute
The hairy2a 3 UTR Confers Instabilityfor the hairy2a UTR. The 3 UTRs from c-hairy1 (3Uchry1),
on a Heterologous RNAmouse HES1 (3Umhes), and human HES4 (3Uhhes4)
The rapid disappearance of hairy2a RNA anterior to thegenes were tested. In each case, a PSM stripe was
PSM stripe could be explained, in part, by rapid RNAobserved (Figure 5; Figure 6I). However, the stripe was
degradation. Because the hairy2a 3 UTR can reduceconsistently broader for the c-hairy1 and mouse HES1
transgene RNA levels, we asked if the UTR can targetUTRs, usually about two somite widths (Figure 6I).
RNA for rapid turnover. Equimolar amounts of synthetic
RNA for eGFP alone, or eGFP fused to different 3UTRs,
A 25 bp Motif in the hairy2a 3 UTR Is Sufficient were injected into one cell of four-cell stage embryos.
to Drive the Stripe Pattern Assessment of the remaining RNA was performed by
Because a 90 bp domain of the hairy2a 3 UTR is suffi- RT-PCR of total RNA from stage 18 embryos (Figure
cient for the PSM stripe, we compared this domain with 8B). eGFP RNAs containing the hairy2a and esr5 3UTRs
the UTRs of Xenopus hairy2b and the hairy2 orthologs were undetectable, compared to the injected RNAs with
zebrafish hairy1, c-hairy1, and human HES4. There is a the control 3 UTRs. Thus, RNAs containing the hairy2a
25 bp motif within the 90 bp domain that is identical in or esr5 3 UTRs have significantly decreased stability.
the hairy2b UTR, highly similar in the zebrafish UTR, and These results suggest that reduced expression levels for
for which there are statistically significant matches in transgenes that contain a correctly positioned hairy2a 3
the chicken and human UTRs (Figure 8A; Bailey and UTR are a consequence of an increased rate of RNA
Elkan, 1994). To test a requirement for this motif, it was degradation.
replaced with a scrambled version (mut, Figure 8A).
When this mutant motif is used in the 90 bp domain Discussion
(mut3U1-90), or the entire hairy2a 3 UTR (mut3U), PSM
stripe expression is abolished (Figure 5; Figures 7D and In vertebrate segmentation, anterior structures form
7E). We tested sufficiency of the motif by including it, first, while posterior ones form by regularly timed, se-
and six nonconserved flanking base pairs on each side, quential subdivision. The translation of this periodic ac-
as the only 3UTR (3U48-72). In this case, the PSM stripe tivity into a spatial pattern has long suggested an under-
lying clock-like mechanism (Cooke, 1998; Stern andis present; however, the number of positive embryos is
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Figure 8. A 25 bp Motif in the hairy2a 3 UTR
Has Related Motifs in Orthologs of hairy2a;
the hairy2a 3 UTR Confers Increased RNA
Turnover
(A) The sense strand of the 25 bp motif in
the hairy2a 3UTR, with corresponding motifs
from the hairy2b, zebrafish hairy1, chicken
hairy1, and human HES4 UTRs, respectively
(orthologs of Xenopus hairy2a). Identical
bases are marked in red, while conserved pu-
rines, pyrimidines, or identity in four of the
five motifs are marked in blue. The positions
of these motifs are numbered relative to the
first base after the stop codon. The bottom
sequence is the mutant motif used in the
mut3U1-90 and mut3U constructs.
(B) Equimolar amounts of eGFP RNAs, with or
without the indicated 3UTRs (labeled above,
Un  uninjected, () UTR  no additional
UTR, C. act.  cardiac actin), were injected
into four-cell embryos; RNA from stage 18
embryos was assayed by RT-PCR (top panel:
eGFP; bottom panel: control ornithine decar-
boxylase [Bassez et al., 1990]).
(C) Schematic of cis regulatory targets that
control segmental expression of the hairy2a
gene in the anterior PSM. Transcription initia-
tion is marked by the raised, rightward arrow.
Notch signaling (1) drives transcription of the
promoter through the Su(H) binding sites in
the paired Su(H) motif (depicted by ligand
[Delta] induced proteolysis of Notch to re-
lease the intracellular domain (NICD), which
binds to Su(H) [Mumm et al., 2000]). A second
signal (2) drives transcription though the con-
served hexamer (HX) of the paired Su(H) mo-
tif. This second signal, like that of Notch sig-
naling, affects promoter function in the PSM
and other tissues where hairy2a is expressed,
and acts positively. The third signal (3) acts
through the 3 UTR, targeting the conserved
25 bp motif (M). This signal confers general
instability on the hairy2a mRNA but allows
local RNA accumulation in the anterior PSM.
Vasiliauskas, 2000). The dynamic expression of hairy regulation at the level of transcription (i.e., by multiple
genes suggests that they are a readout of this “segmen- inputs acting on multiple cis regulatory elements). It is
tation clock” (Palmeirim et al., 1997; Pourquie 1999, remarkable that transcriptional activation of hairy2a in
2000a, 2000b). By uncovering the necessary and suffi- the PSM and most other tissues is controlled solely by
cient cis regulatory sequences that drive the Xenopus the paired Su(H) motif. The motif consists of three simple
hairy2a segmental pattern, we can now describe the components required for the PSM stripe. Two of these
gene regulatory targets of this putative clock in molecu- are the Su(H) binding sites (Bailey and Posakony, 1995;
lar terms. Nellesen et al., 1999). The third is the intervening se-
The hairy2a PSM pattern depends on two separate quence hexamer. Although previous characterization of
processes. The first is transcriptional and requires the the hexamer has relied on sequence conservation, here
hairy2a promoter paired Su(H) motif. The second in- we demonstrate a functional requirement for the hex-
volves an unexpected modulation of RNA levels by the amer, suggesting that other DNA binding proteins may
hairy2a 3 UTR. The hairy2a promoter alone can drive act on the paired Su(H) motif through the hexamer. A
most of the hairy2a pattern, but not the anterior PSM single Su(H) binding site suffices for the neuroectoderm
stripe. Nontissue-specific promoters, such as sCMV or pattern, while the paired Su(H) motif is required for the
EF1, that drive transgenes containing the hairy2a 3 PSM pattern, supporting the notion that single Su(H)
UTR express everywhere, but with reduced levels com- binding sites and paired Su(H) motifs are functionally
pared to those without the UTR. Combined, the hairy2a distinct. Such cell-type or tissue-type distinctions be-
promoter and 3 UTR reconstitute the anterior PSM tween these DNA elements had not been readily discern-
stripe. ible in cell culture assays (Jarriault et al., 1995). It is
known that dominant interfering forms of Xenopus
Delta2 or Su(H) can abolish the hairy2a PSM stripe, dem-The hairy2a Promoter
onstrating that hairy2a expression is dependent onThe complex pattern of hairy2a expression in the PSM
and elsewhere initially suggested potentially complex Notch signaling in the PSM (Jen et al., 1997). While Notch
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signaling is a primary input for transcription of hairy2a, negative regulation affects neural tissue patterning con-
trolled by these genes, while no 3UTR-dependent regu-the required architecture of the paired Su(H) motif indi-
cates that there is more to hairy2a transcription than lation of hairy has been described for segmentation in
Drosophila. It is possible that the 3 UTR function hasjust activation of Su(H) protein by Notch.
been coopted in evolution for regulating vertebrate seg-
mentation genes (based on the conservation of NotchThe hairy2a 3 UTR
signaling), or perhaps lost in the evolution of segmenta-To function in PSM expression, the UTR must be in its
tion in Drosophila and other long germ-band insects.normal position and orientation in the transcript of the
transgene, a requirement consistent with a modulator
of RNA levels after transcription initiation, possibly en- hairy2a and the Mechanisms of Segmentation
The hairy2a PSM pattern shows two types of temporaltirely at the posttranscriptional level. That 3 UTR func-
tion can be reduced to a discrete 25 bp motif suggests asynchrony. First, expression is consistently activated
first in the dorsal half of the PSM stripe. A similar asyn-this motif is the target for trans-acting factors controlling
PSM expression. The role for this sequence could in chrony exists in the anterior PSM stripes of esr5, esr4,
and 8C9, as well as the stripe patterns of Delta1 andprinciple affect a nuclear or a cytoplasmic event required
for hairy2a RNA levels to accumulate in anterior PSM Delta2 (Figure 8C, and data not shown). It seems reason-
able to suggest that this aspect of hairy2a expression,cells. The hairy2a 3 UTR also increases the rate of
RNA turnover. Based on these findings, one plausible as well as that of the esr genes, may be driven, in part,
by the similar pattern of Delta1 or Delta2 (i.e., timing ofmechanism for UTR function is to both destabilize RNA
in general and to provide a specific sequence for factors Notch activation). Second, the hairy2a pattern is consis-
tently phase-advanced on the right side of the embryothat transiently stabilize the RNA in the anterior PSM.
To produce a transient stripe, these factors must them- (as are the esr, Delta1, and Delta2 stripes, data not
shown). Such bilateral asynchrony has not been de-selves be rapidly inactivated soon after hairy2a expres-
sion and before somite formation. Our results do not scribed in other vertebrates, though its observation in
the frog suggests that there is no obligate bilateral syn-rule out a role for the UTR in transcriptional control of
hairy2a, although such a role would likely occur after chronization in vertebrate segmentation. It may be that
genes involved in left-right asymmetry, such as Xenopustranscription initiation. Because neither the promoter,
nor the 3 UTR, alone yield an obvious subpattern of the nodal-related 1 (Lustig et al., 1996), cause a phase shift
in segmentation on the two sides of the embryo.PSM stripe, a more speculative interpretation of these
results would posit a molecular interaction between the Rather than oscillating over the whole PSM, the
hairy2a pattern behaves as a single wavefront translo-promoter and 3 UTR through bound trans-acting
factors. cating through the anterior PSM and prefiguring new
somite formation. In fact, none of the genes whose or-The substitution of the hairy2a 3 UTR with UTRs from
other segmentally expressed genes, even from other thologs are reported to oscillate in the fish, chick, or
mouse PSM do so in Xenopus, including hairy2a/b,species, suggests a common mechanism controlling the
segmental expression of these other genes. The c-hairy1 hairy1 (orthologous to mouse and human HES1 and
c-hairy2 [Jouve et al., 2000]), lunatic fringe, or esr5 (re-and mouse HES1 3 UTRs generated a somewhat
broader, more diffuse PSM stripe than the hairy2a or lated to her-1 in zebrafish [Holley et al., 2000; Jen et al.,
1999, and our unpublished results]). This suggests thatother Xenopus 3 UTRs. This suggests to us that while
there is some functional recognition of these UTRs, they cycling in the PSM, exemplified by c-hairy1, is not an
invariant property of vertebrate segmentation. Thoughdo not show the more focused spatial specificity of
the natural 3 UTR. Possibly, Xenopus 3 UTR binding there are some differences in the exact temporal pattern
of hairy and E(spl)-related genes in the PSM of differentfactors may have higher affinity, or slower turnover, on
the c-hairy1 and mouse HES1 UTRs, and thus widen the vertebrates, it is likely that the basic timing mechanisms
and the readout of these timing mechanisms are verydomain of cells where the transgene RNA accumulates.
Consistent with this broader PSM expression, the car- similar. The pattern differences are probably a function
of upstream events, such as activation of Su(H) by regu-diac actin promoter transgene with the hairy2a 3 UTR
is expressed in a much wider PSM domain, as is the lation of Notch signaling. We predict that the c-hairy1
promoter will be very similar to the Xenopus hairy2a andendogenous cardiac actin gene, but is still appreciably
downregulated in newly formed somites and remains at human HES4 promoters, while the c-hairy2 promoter
will be very similar to that of the mouse and humanlow levels in more anterior somites. This suggests that
factors that recognize the hairy2a 3 UTR are, in fact, HES1 promoters.
In Figure 8C, we present a schematic of the moleculardistributed over a much wider domain of the PSM than
is hairy2a RNA, whose expression is further restricted targets that control the hairy2a pattern, and, by implica-
tion, the targets of the segmentation clock. There areto the anterior PSM by the hairy2a promoter. Taken
together, these results support a role for the 3 UTR in at least three types of cis regulatory inputs. The first
one is represented by the two Su(H) binding sites, whichcontrolling the segmental pattern of Notch target genes.
A similar situation may exist in Drosophila, where Po- are presumably bound by a Su(H) containing complex
that represses the hairy2a promoter, until Notch signal-sakony and colleagues have shown that the 3 UTRs
of E(spl) genes and the bearded class genes (which ing switches Su(H) to an activator (Kao et al., 1998). The
second one is represented by the conserved hexamercoincidentally negatively regulate Notch activity) can
negatively regulate their respective expression levels between the Su(H) binding sites. Although mutation of
the hexamer lowered expression levels in tissues otherand patterns (Lai et al., 1998; Leviten et al., 1997). This
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inserted after eGFP (from PCR of genomic DNA) (Meyerhof et al.,than the PSM, we cannot rule out the possibility that
1984). This intron increases expression in transgenic embryos butthe hexamer has a specific function in modulating the
otherwise has no effect on spatial or temporal control of gene ex-paired Su(H) motif function in the PSM. The central role
pression. In one instance, we replaced the SV40 polyadenylation
of the paired Su(H) motif for transcriptional activation signal with that of the larval type I -globin gene, also obtained by
of hairy2a suggests that Notch signaling must be a fun- PCR of genomic DNA. RARE-3ESy, used for the Su(H)Sy constructs,
contains a minimal promoter with an inverted CCAAT box, TATAdamental component of the segmentation clock. The
box, and transcription initiation region from human adenovirus MLPthird input occurs through the 3 UTR, in particular
transcription unit sequences (Braselmann et al., 1993).through the 25 bp motif. The 3 UTR confers global
3 UTRs were cloned between eGFP and the globin intron. Xeno-instability on the hairy2a RNA, but apparently local sta-
pus hairy2a, hairy1, and MyoD (Hopwood et al., 1989) 3 UTRs were
bility in the anterior PSM. How inputs through these cloned by PCR from their respective cDNAs. 3 UTRs of esr5 (Jen
three types of small sequences are integrated to control et al., 1999) and 8C9 (Gawantka et al., 1998) were cloned by PCR
the dynamic hairy2a PSM pattern is a major question of a Xenopus st. 11.5–15 cDNA library in CS2. 3UTRs of the Xenopus
cardiac actin gene (Mohun et al., 1986) and -major globin genefor understanding the molecular mechanisms of seg-
(Patient et al., 1983) were cloned by PCR of genomic DNA. Thementation.
c-hairy1 3 UTR (Palmeirim et al., 1997) was cloned by 3 RACE
(SMART RACE, Clontech) of total RNA prepared from somite andExperimental Procedures
segmental plate explants of E3 chick embryos (generously supplied
by Charlie Murtaugh). The 3 UTRs of mouse HES1, human HES1/Xenopus Embryos, Transgenesis, and Injections
HRY, and human HES4 (Bessho et al., 2001; Feder et al., 1994;X. laevis frogs (NASCO) were used to obtain eggs for transgenesis
Takebayashi et al., 1994) were amplified by PCR of I.M.A.G.E. clonesor in vitro fertilization. Embryos were staged according to Nieuw-
456976, 722572, and 2782501, respectively (Research Genetics).koop and Faber (1967). Transgenesis was performed using the nu-
Other construct variants, such as insertion, deletion, and point mu-clear transplantation technique as described (Amaya and Kroll,
tants, were generated by PCR-based methods and sequenced for1999). Embryos were fixed in MEMFA, generally at stages 26–31,
verification. Additional plasmids included CS2, XeXS2 (substitutingfor whole-mount in situ hybridization (Sive et al., 2000). Injection of
the CS2 sCMV promoter with the Xenopus EF1 promoter [Johnsonsynthetic mRNA or expression plasmids was performed by standard
and Krieg, 1994]) or CAR (Xenopus cardiac actin promoter [Krollprocedures (Sive et al., 2000).
and Amaya, 1996]) driving eGFP, with or without the hairy2a 3 UTR.
The Su(H) binding site point mutations were CGTGGCAA for theCloning the hairy2a Promoter
5 site and TTGACACG for the 3 site, mutation underlined (BaileyPCR primers based on conserved amino acids in the bHLH domain
and Posakony, 1995). Mutation of the conserved hexamer was toof the Drosophila hairy and E(spl) proteins (forward primer heb1,
CGCTTA. Mutation of the hairy2a promoter and 5 UTR N boxescoding amino acids RARM/IN: GAGCTCMGNGCNMGNATNAA; re-
was as follows: CACNAG to CACNAC (Sasai et al., 1992), where Nverse primer heh21, coding amino acids KAD/EI/ML: GAATTCAR
is degenerate.NATNTCNGCYTT) were used to isolate fragments of related Xeno-
pus mRNAs by RT-PCR of stage 14–15 embryo RNA, as previously
described (Turner and Weintraub, 1994). PCR products were recov-
In Situ Hybridization and Imagingered corresponding to three hairy-like genes, as well as several
Embryos were processed for in situ hybridization by standard proto-E(spl)-related genes. Full-length cDNAs for X. laevis hairy2a, 2b, and
cols (Sive et al., 2000). Staining was performed generally with a1 were isolated from a Xenopus stage 23 embryo lambda gt10 cDNA
NBT/BCIP combination (yielding a purple/brown color), although inlibrary (Sive et al., 1989) using pooled probes derived from the hairy-
some cases, BCIP alone (yielding a cyan color) or magenta-phoslike PCR products.
alone (yielding a magenta/purple color) were used. We concludeIn Xenopus, the two hairy homologs are named hairy2 and hairy1.
that a hairy2a promoter transgene does not express the PSM stripe,We indicate the hairy2 and hairy1 vertebrate orthologs, based on
if, in embryos stained to saturation, the stripe is never observedphylogenetic analysis, and their GenBank accessions (if available)
and neuroectoderm expression levels are comparable to the endog-as follows: (a) hairy2-like genes are Xenopus hairy2a (AF383159)
enous hairy2a gene (based on rates of staining) in at least 50% ofand 2b (AF383160), zebrafish hairy1 (AF301264), c-hairy1 (AF032966),
the transgenic embryos. Some hairy2a promoter transgene mutantsand human HES4 (AB048791); and (b) hairy1-like genes are Xenopus
abolish or severely attenuate neuroectoderm expression, and thesehairy1 (U36194), zebrafish her6 (X97333), c-hairy2, mouse HES1
mutants never express the PSM stripe. As a rule, we do not stain(D16464), and human HES1/HRY (NM-005524). The human HES4
to saturation embryos with transgenes that do show a PSM stripegene is on human chromosome 1 (GenBank accession NT-004384).
(in contrast to those with constructs that do not), so as to observeA Xenopus genomic library in Lambda FIX II (Stratagene) was
subtle pattern differences between embryos. Therefore, the PSMscreened, and five clones, from approximately 4  106 screened,
stripe may not be detected in all embryos, with constructs thatwere isolated and amplified by long-range PCR (rTth XL, Perkin-
do show the stripe, because it is below the sensitivity of in situElmer). We used a vector-specific primer (modified T3 or T7) and
hybridization detection in a subset of embryos.a primer that overlapped the amino-terminal coding and 5 UTR
Embryos were imaged either on a Zeiss Stemi SV11 stereoscope,sequences of hairy2a (mutant for the start codon), and oriented
or with low power optics on a Zeiss Axiophot, using either a Sonytoward the 5 UTR to obtain a 12 Kb product. Sequencing of the 5
color CCD video camera, or a Hamamatsu ORCA-1 cooled CCDUTR of one genomic clone showed a 102/103 bp match to the 5
digital camera, respectively. Images were acquired using Open LabUTR of the hairy2a cDNA. The 5 UTR sequences of hairy2b and
hairy1 are completely different. The GenBank accession number for software (Improvision).
the hairy2a proximal promoter sequence is AY037926.
RT-PCRExpression Plasmids
Embryos were injected with synthetic mRNAs, encoding eGFP withMost plasmids for transgenesis were based on RARE-3E, a promot-
or without different 3 UTRs. RT-PCR was performed on total RNAerless derivative of CS2 (Rupp et al., 1994; Turner and Weintraub,
isolated from neurala (stage 18) embryos. Although the 3 UTRs1994). In RARE-3E, the sCMV IE94 promoter has been replaced with
have varying length, none are longer than 450 bases (for comparison,a polylinker for restriction enzymes with 8 bp recognition sites. 3
hairy2a is 317 bases, while MyoD is 428 bases), and reverse-tran-of this polylinker is the eGFP (Clontech) coding sequence, followed
scription was performed for 1 hr to ensure full-length cDNA synthesisby the SV40 virus late polyadenylation signal.
from these RNAs. Nonradioactively labeled PCR products were ana-The standard hairy2a promoter in RARE-3E was from 294 bp
lyzed by agarose gel electrophoresis. All experimental and controlrelative to the TATA box, through the entire 5UTR. Most transgenes
also have the Xenopus laevis larval type I -globin gene intron-1 PCR products were tested for reverse-transcriptase dependence.
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